The rapid increase in accuracy and stability of optical atomic clocks compared to the caesium atomic clock as primary standard of time and frequency asks for a future re-definition of the second in the International System of Units (SI).
Introduction
Since 1967 the second as the base unit of time in the International System of Units (SI) is defined via an unperturbed hyperfine transition in atomic caesium [1] that is interrogated by a radio frequency of 9 192 631 770 Hz. In the past five decades the uncertainty to which the center of this hyperfine transition can be found in the best caesium atomic clocks could be reduced typically in each decade by an order of magnitude (Fig. 1) . A few years ago, optical atomic clocks (see e.g. [2, 3] ) where a laser is stabilized to a suitable optical transition have fulfilled their long standing promise to supersede caesium atomic clocks with respect to their lower frequency instability and their lower inaccuracy. Accuracy is here understood as the ability to reference the frequency of a clock to an unperturbed atomic or ionic transition. However, none of these "better" optical clock transitions with superior precision can realize the second more accurately than the best caesium atomic clock they have been compared to. It can therefore be anticipated that at some time the SI second will be re-defined via an optical clock transition [4] . The quantum projection noise limited instability of a clock that references an atomic transition is given by
where κ is a number of order unity that depends on the the type of interrogation, ν is the frequency of the optical clock, ∆ν is the line width at the interrogation year fractional uncertainty . time T int , N is the number of absorbers interrogated, and τ is the averaging time. The advantage of optical clocks results from the optical clock frequency that can be up to five orders of magnitude higher than that of a microwave standard. There are two different types of optical atomic clocks. One uses radio-frequency traps to store ionized particles for the required long interrogation times, the other one employs optical lattices tuned to the so-called "magic wavelength" to confine neutral atoms. In order not to perturb the ionic clock transition, only a single ion or a few ions can be interrogated in the field-free region of the trap even though attempts are made to enlarge the number of ions in multiple ion trap clocks [8] . The single ion trap clocks have therefore a higher instability according to Equation 1 as compared to neutral atom clocks where N can easily approach or exceed 10 4 . On the other hand, particular optical transitions in ions like Al + [9] are extremely insensitive to external perturbations e.g. the electromagnetic radiation of the ambient temperature field [10].
It is therefore presently not clear which type of clocks will eventually be the best one for a re-definition of the second. Consequently, PTB investigates both approaches operating single ion Yb + and Al + (Section 2) and neutral atom Sr lattice clocks (Section 3). In Section 4 the most challenging problems of these state-of-the art clocks are discussed as well as the additional tasks undertaken to support the path towards a future re-definition of the second (Section 5).
Single ion clocks
Single ion clocks employ an oscillating radio frequency field to trap the ion in a field-free center between the electrodes. of this property using near-infrared laser radiation and a detailed study of the thermal environment in combination with the suppressed light shift of the probe laser promises a total uncertainty in the low 10 −18 range. In addition to this low uncertainty, the octupole transition is known for its particularly high sensitivity to temporal variation of the fine structure constant α. Repeated measurements of both clock transition frequencies versus caesium fountain clocks with improved accuracy over the last 7 years have recently confirmed the previous limit on dα/dt and provide the most stringent limit on a temporal variation of the proton-to-electron mass ratio [20, 21] 
Neutral atom clocks
Neutral atomic clocks have become competitive to the best ion clocks again only after the invention of Katori [26] that the huge light shift of the atomic levels used for the clock transition can be made equal in a magic wavelength optical dipole trap. The basics are described elsewhere in this Special Issue and need not be considered here in more detail.
PTB's Sr lattice clock. From all optical atomic lattice clocks employing e.g.
Sr, Yb, or Hg, the Sr lattice clock is currently the one that has found most widespread use either already in operation (see e.g. [27, 28, 29, 30, 31, 32] ) or under investigation. The clock transition λ = 698 nm between the ground state 1 S 0 and the 3 P 0 state (see Fig. 3 ) is weakly allowed in the 87 Sr isotope with nuclear spin F = 9/2 with an excited state life time of about 130 s due to the hyperfine interaction. [30] . Even lower estimated standard uncertainties at the 10 −18 level have been derived for a clock based on Sr atoms kept in a room temperature environment [28] or in a cryogenic housing [27] .
A considerable number of frequency measurements of the 87 Sr optical lattice clocks with respect to primary caesium clocks has been performed over the Frequency measurements wrt primary caesium atomic clocks. JILA07: [35] ; SYRTE08: [36] , JILA08: [37] past years either by local comparisons in the same institute or by linking the optical standards to remote clocks via fibers or satellites (Fig. 4) . clocks with a few specific properties [45] . The diode laser systems have been designed for stability and compactness and are similar to the ones described in [44] . The transportable standard uses a Zeeman slower with permanent magnets for decelerating the Sr atoms towards the magneto-optic trap in order to reduce the electric power of the system. Since one of the largest contributions to the uncertainty of the Sr lattice clocks results from the black body shift care was taken to achieve a homogeneous temperature environment of the vacuum chamber that can be correctly measured. A low uncertainty is achievable since the sensitivity coefficient is very well established [34] . 4. Challenges to be met on the way to a re-definition of the second
With the current status of the optical clocks ( Fig. 1) as outlined above the question is often asked when and how a re-definition of the second might take place. P. Gill [4] has addressed this question a few years ago and it is timely to revisit his arguments and complement them. In trying to answer this question it is helpful to ask two other questions: what are the requirements to be met for a re-definition? and who will benefit from a re-definition of the second? In the next paragraphs I first shall concentrate on the technical challenges to be met as prerequisites for answering the first question.
Ultra-stable lasers for interrogation of the clock transition. The achievable quality of an optical clock depends crucially on the stability of the laser used to interrogate the clock transition. The investigation of all the systematic effects limiting the achievable uncertainty in the 10 −18 regime and below can be achieved only in a reasonable time if the instability of the interrogating laser is smaller than the instability allowed for by interrogating the clock transition.
Currently three different techniques are used or are under investigation to obtain super-stable lasers. The most widespread scheme relies on the stabilization of the laser frequency to a high-finesse and super-stable optical Fabry-Pérot resonator by means of the Pound-Drever-Hall frequency stabilization scheme [46] .
An interesting alternative to this approach has recently been investigated where the laser is stabilized to spectral holes burnt into an ensemble of Eu dopant ions
in a solid at cryogenic temperatures [47, 48, 49] . Another method with high potential has been proposed that uses an active light source based on having alkaline-earth atoms in an optical lattice. These atoms can collectively emit photons on an ultra-narrow clock transition into the mode of a high Q resonator [50] . PTB's clock lasers use a pre-stabilization to a Fabry-Pérot interferometer.
High finesse mirrors optically contacted to a spacer made from a material with low thermal expansion coefficient at the operating temperature like Ultra Low Expansion glass (ULE) or silicon [51] are employed. To reduce the influence of ambient vibrations on the optical path length between the mirrors and, hence, on the eigen frequencies of the resonator, a number of provisions has to be made.
Different ways to achieve a vibration insensitive mounting of the resonator have been realized (see e.g. [52] and references therein). Since PTB operates different optical clocks with different optical frequencies several ultra stable optical resonators are in use that can be compared and together with femtosecond optical frequency combs used for connecting the different clocks [53] . With the best resonators line widths around one Hertz ( Frequency ratios of optical clocks. To evaluate and validate the different optical clocks with the highest accuracy it will be necessary to compare these clocks next to each other at the same gravitational potential and without making a detour via the microwave clocks. The measurement of direct optical frequency ratio between different optical standards in the same laboratory will allow one to overcome the aforementioned limitations since such a ratio is independent from the frequency of the caesium clock. The use of such ratios promises a means to evaluate the combined uncertainty of the optical standards with an accuracy limited by the standards themselves. In the simplest case two independent clocks of the same type are operated in the same laboratory in the 10 −18 regime like in the case of the 27 Al + clock [9] or the Sr lattice clock [27] . The numerical value of frequency ratios measured between optical clocks whose frequencies are very different can easily be transported to another laboratory which uses the same clock combination. As an example consider the ratio of the frequencies of the Yb + octupole and quadrupole standards that are investigated both at PTB [21] and NPL [20] . The comparison of the frequency ratios measured in both institutes with high accuracy will give a means to evaluate and validate the estimated uncertainties. Another example would be the ratio between the frequencies of the Yb and Sr neutral lattice standards operated at NIST [59] and JILA [28] in Boulder, USA, or in the Tokyo metropolitan area. Furthermore, if enough such frequency ratios between clocks with optical frequencies ν A , ν B , and ν C are available they could be combined to make a closure like e.g.
The joint working group WGFS of the CCL and the CCL of the CIPM are currently developing methods and procedures to collect and make use of such data to boost the confidence into the particular measurements from the consistency of the ensemble.
Supporting developments for utilization and novel applications of optical clocks.
The prospects and progress of optical atomic clocks has attracted considerable attention to achieve higher accuracy in fields where microwave atomic clocks are used but also for the development of novel research and application fields. 
Conclusions and possible roadmap
The status of the optical atomic clocks reported here at the example of the work at PTB and others shows that the increase in accuracy and stability continues with unbroken pace thereby leaving behind more and more the best realization of the definition of the second in the SI -the caesium atomic clock.
In preparation for a future re-definition of the second in terms of an optical After a re-definition the generation of the time scales would benefit directly by the available more stable and more accurate clocks that could be included into the generation of TAI and UTC and replace the caesium clocks gradually.
The first steps along this line have been taken already [29, 63] . A re-definition in conjunction with optical telecommunication fiber networks allows the much higher accuracy and stability to be delivered to virtually all places where phasecoherent fiber links are available or can be installed. The short cycle times for exchange in the fiber networks for improved efficiency will allow such an installation of phase-coherent components step by step on a broad scale. Such an opportunity will boost novel applications and services from the very beginning.
From these points of view an early re-definition is possible and very desirable.
There are, however, considerations that ask for a little more patience. There are currently a number of different optical clocks with the prospects of further improvement. Currently there is no definite argument for a decision between atomic and ionic species and in both classes there are several promising candidates for a re-definition of the second. It can be expected that the stunning pace in the development of optical atomic clocks seen in Fig. 1 will at some time slow down and could reduce the large number of the present candidates.
On the other hand there might be novel concepts with prospects to achieve e.g. a reduced interaction of the clock transition with all sorts of environmental perturbations. A transition between two isomeric states in 229 Th has attracted much consideration (see e.g. [64] in this Special Issue) for such a possibly better isolated clock transition. PTB has a project [65] to find this clock transition via bridge processes [66] in ion clouds and in crystals doped with 229 Th. One should also keep in mind that many of the groups contributing to the rapid progress in optical clocks are motivated by questions from basic science, like performing improved tests of fundamental principles in quantum physics and relativity. Many of these studies have benefited from the available variety of different atomic clocks, with different sensitivities to specific interactions. It therefore may be detrimental to scientific progress to narrow the choice of investigated systems prematurely as long as the current pace goes on with unbroken speed (Fig. 1) .
Eventually a consensus has to be found for the most suitable candidate.
The achievable uncertainty is one but not the only one criterion. [ 
